Objective: In multiple sclerosis (MS), the aim of therapies is to prevent the accumulation of irreversible disability. This is difficult to assess given the short time course of clinical trials. MRI markers and relapses are often used as surrogate of disability in MS studies, but their validity remains controversial. We sought to validate, at the individual patient level, MRI lesions and relapses as surrogates for disability progression over the course of MS trials.
Prentice 20 formulated 4 criteria for validating surrogates at the individual level. This approach has been applied to individual patient data from glatiramer acetate 4 and interferon (IFN) 5, 6 trials to validate MRI markers as surrogates for relapses and disability. Using the alternative triallevel approach, a significant correlation was found between treatment effects on relapses and treatment effects on EDSS worsening. 8 However, surrogacy of relapses for disability has never been assessed at the individual level.
Against this background, we performed an individual patient analysis from a large pivotal trial, evaluating the effect of IFN␤-1a in relapsing-remitting multiple sclerosis (RRMS) to assess the relationship between EDSS worsening and its most frequently used surrogates: MRI active lesions and clinical relapses.
METHODS Patients. The dataset comprised 560 patients with RRMS enrolled in the Prevention of Relapses and disability by Interferon beta-1a Subcutaneously in Multiple Sclerosis (PRISMS) study. 21 In this double-blind, placebo-controlled trial, patients were randomized (1:1:1) to receive recombinant IFN␤-1a, 22, 44 g, or placebo subcutaneously 3 times weekly for 2 years. Additional trial details including design, inclusion/exclusion criteria, and patients' clinical and MRI characteristics are reported extensively elsewhere. 21, 22 Briefly, all the patients had 5 biannual proton density/T2-weighted (PD/T2) MRI scans (baseline and follow-up scans at 6, 12, 18, and 24 months) that were reviewed in sequence. Active lesions were defined as the sum of "new T2 lesions" (those never seen before), "recurrent T2 lesions" (those reappearing at the site at which an earlier lesion had disappeared), and "enlarging T2 lesions" (those showing an identifiable increase in size from a previously stable-appearing lesion).
All the analyses were run on the intention-to-treat (ITT) population. Sensitivity analyses were conducted on the subgroup of patients with complete 1-year and 2-year follow-up.
Standard protocol approvals, registrations, and patient consents. The original study (clinical trial identifier number 6789) was approved by institutional review boards in the participating centers. All patients gave written informed consent.
Outcome measures. Progression of disability, defined as an EDSS increase Ն1 point over the follow-up period sustained for Ն3 months, was considered the true clinical outcome. Patients censored before 2 years were included as nonprogressed in the ITT analysis, and were excluded from the analyses on the subgroups with complete follow-up.
Two potential short-term surrogates for disability progression were evaluated: a relapse endpoint, defined as the total number of relapses counted over the first year, and an MRI endpoint, defined as the number of MRI active lesions as defined in the trial protocol 21, 22 counted over the first year. MRI lesion activity was assessed centrally (University of British Columbia MS/ MRI Research Group). Improvement of disability was also assessed and defined as an EDSS decrease Յ1 point over the follow-up period sustained for Ն3 months.
Statistical analyses. Since the results of surrogacy validation did not change by keeping the 2 treatment arms separate, the analysis was simplified by pooling data into one treatment group.
Comparisons of EDSS changes between treatment arms were assessed by a Mann-Whitney U test and differences in proportions of progressing and improving patients by a 2 test. The regression models used are detailed in appendix e-1 on the Neurology ® Web site at www.neurology.org.
Briefly, the probability of disability progression at 2 years was modeled by unconditional logistic regression models, where treatment group, number of 1-year MRI active lesions, and number of 1-year relapses were introduced, in turn, as covariates. The strength of the association between each covariate and the probability of disease progression was expressed using the odds ratio (OR). An analysis based on binary events was preferred to a survival analysis. The analysis, in fact, was intended to detect a correlation between the number of MRI active lesions and relapses and the event of progression, rather than to study an exact temporal relationship between these events.
The surrogacy of 1-year MRI activity and clinical relapses for disability at the end of the follow-up was tested using the 4 Prentice operational criteria. 20 The first Prentice criterion requires a significant treatment effect on the surrogate. The treatment effect on MRI active lesions was evaluated using a negative binomial (NB) 23 regression model and expressed as a relative risk (RR) representing a mean lesion number ratio. The treatment effect on relapse occurrence was assessed using a NB regression model, and expressed as a RR representing the ratio between the mean number of relapses in the IFN and placebo-treated groups.
The second criterion requires a significant treatment effect on the clinical outcome. The treatment effect on the risk of disability progression was assessed, as specified above, using a logistic regression model, and expressed as an OR.
The third criterion requires a significant correlation between the surrogate and the clinical outcome. Correlation between MRI active lesions and relapses with disability progression was evaluated using the same logistic regression model, with disability progression as the dependent variable and MRI active lesions and relapses as the covariates.
Finally, the fourth Prentice criterion requires that the treatment effect on the clinical outcome disappear and become nonsignificant when adjusting for the surrogate. The absorption of the treatment effect on disability progression by MRI active lesions and relapses was assessed evaluating whether the treatment effect on disability progression decreases approaching zero when adjusting for these variables in the logistic model. To quantify the validity of surrogates, an additional measure was estimated: the proportion of treatment effect (PTE) 24 on disability progression that could be attributed to benefits on MRI active lesions and relapses. For a "perfect" surrogate, the PTE would be 100%, indicating the absence of residual treatment effect after adjusting for the given marker. When there is no decrease in treatment effect when adjusting for a given marker, the PTE would be 0%, reflecting the absence of surrogacy for that marker. Confidence limits for the PTE were estimated by a bootstrap resampling technique.
The validity of the combination of 1-year MRI lesions and relapses as surrogate for 2-year disability was also evaluated plotting the proportion of patients with a disability progression per treatment arm after adjustment for a combined MRI/relapse score. The individual patient combined MRI/relapses score was calculated using the coefficients estimated by the logistic regression as follows:
where B and C are the estimated coefficients. The score was categorized in tertiles and the proportion of patients with a disability progression per treatment arm was plotted according to the 3 groups defined by these tertiles. (table 2) . Remarkably, no residual benefit from treatment on disability progression was detectable when the combination of both 1-year MRI active lesions and 1-year relapses were included in the logistic model (␤ S1,2 ϭ 0.0; OR ϭ 1.00, 95% CI ϭ 0.66 -1.51; p ϭ 0.99). As a consequence, the PTE of the combination of 1-year MRI active lesions and relapses on the proportion of patients with a disability progression over 2 years was 100%. Using the coefficients (weights) coming from the multivariate logistic model (coefficients ␥ 1 and ␥ 2 in table 2), MRI active lesions and relapses were combined into a composite score: MRI/relapse score ϭ 0.036 ϫ (number of 1-year MRI active lesions) ϩ 0.40 ϫ (number of 1-year relapses).
RESULTS
As shown in the figure, there were no differences between the treatment arms within the groups defined according to the tertiles of the score. This is a 2 years 37 (4) 29 (2) visualization of the absence of residual benefits on EDSS worsening from treatment in any of the groups defined by the combined score, indicating a good level of surrogacy of the combined 1-year MRI lesions/relapses score for 2-year disability.
DISCUSSION
The validation of surrogate markers is a complex process based on cumulative evidence that needs to be provided at both the trial and individual levels. 25 Trial-level surrogacy requires an association, at the level of the trial, between the effects of a treatment on the surrogate and the clinical endpoint. In the MS field, the trial-level surrogacy of both MRI lesions and relapses vs the true endpoint "EDSS worsening" has been recently addressed in a large meta-analysis of randomized studies. 8 Individual-level surrogacy requires a causal relationship between surrogates and true endpoints at the patient level. In the present study, individual patient data from a large trial on patients with RRMS were used to assess the relationship between "EDSS worsening" (true endpoint) and both MRI active lesions and relapses (surrogate endpoints). According to the Prentice criteria, both 1-year MRI active lesions and clinical relapses independently accounted for more than 60% of the treatment effect on 2-year EDSS worsening. This provides evidence that clinical relapses and MRI active lesions can both be surrogates for disability progression in patients with RRMS treated with IFN␤-1a. With the surrogacy of MRI active lesions and relapses individually having been established, the question as to whether the combination of these 2 measures could be a better individual-level surrogate for the disability worsening was examined, an issue that has never been assessed before. No residual effect of IFN on EDSS worsening at 2 years was observed after adjusting for a combination of 1-year MRI active lesions and relapses (fourth Prentice criterion). Therefore, in patients with RRMS, the effect of IFN on 2-year disability progression (the typical follow-up duration of clinical trials) appears entirely mediated by the treatment-induced reduction in the number of MRI active lesions and relapses during the first year of treatment. As a consequence, the proportion of reduction in disability progression that can be attributed to a reduction of MRI lesions and relapses together can be considered as 100%, suggesting that IFN treatment does not affect the risk of disability progression over 2 years with alternative mechanisms of action that do not involve an effect on relapses and MRI activity.
The observations conducted here at the individual patient level add to the previously mentioned results of a meta-analysis 8 showing good trial-level surrogacy of both relapses and MRI lesions for disability progression. Taken together, these consistent results provide strong scientific evidence for the current trial practice of using clinical relapses as primary endpoints in phase III RRMS trials of IFNs or drugs with a similar mechanism of action, and even better when supported by (or combined with) MRI markers. These results also suggest that the additional efforts for increasing patient numbers or trial duration needed to power RRMS pivotal trials on disability endpoints are not justified when evaluating IFN or drugs with similar mechanisms of action, since the full effect on EDSS worsening over 2 years is mediated by the effect measurable on active MRI lesions and relapses after the first year of therapy. This may have major implications for the MS field, since IFN␤ is about to come off patent and the present analysis may help to convince the regulatory agencies to accept surrogate outcomes for assessing IFN␤ biosimilars.
The findings of the current study are in apparent contrast with results from other recent work, which found low correlations between short-term MRI markers and relapses both with the short-term 18 and long-term (more than 20 years) progression of unremitting disability. 17 The high heterogeneity of data coming from observational studies make their results difficult to compare with those of the present analysis conducted on data from a controlled clinical trial. Furthermore, these previous studies 17, 18 are focused on the role of MRI markers and relapses as prognos-tic factors for the accumulation of disability rather than on their validity as surrogate outcomes. In contrast, our study, using both the placebo and the treatment arms from a randomized trial, relates the effect of treatment on short-term markers of disease activity with the effect of treatment on disability progression over 2 years, specifically focusing on the assessment of the validity of these widely used endpoints as surrogates in the context of MS clinical trials.
The limitations of surrogacy validation studies have been extensively discussed elsewhere, 6 but several points are worthy of mention here. First, it must be pointed out once more that the validation of surrogates is treatment specific. Thus, the findings reported here cannot be extended to all MS therapies, even though they may prove useful in interpreting the outcomes of future MS trials. Second, these results do not address the critical issue of whether a short-term change in disability progression is necessarily the clinical outcome of interest in MS trials. In this regard, there has been some evidence supporting the hypothesis that EDSS worsening in RRMS as measured in clinical trials over 2-to 3-year periods might be a transient consequence of a recent relapse at the time of disability assessment 26 and does not necessarily imply a true "disability progression." If this is the case, these results may suggest the need of defining better clinical outcomes to assess disability accumulation in future MS studies.
However, the longstanding controversy 27 on the optimal approach to measuring disease severity, disability, and progression in MS or on the best outcome measure for evaluating the impact of diseasemodifying therapy is beyond the scope of this article. As already stressed, the results of the present study simply indicate that the effect of IFN on short-term disability progression, which is the one usually measured in clinical trials, is fully mediated by the effect on short-term MRI lesions and relapses. Another limitation of the present analysis is the wide confidence limits of the PTE explained by MRI lesions and relapses on disability progression. The lack of precision of this measure is intrinsic 24 but is also due to the low power of such analyses when conducted on single study not designed to detect such relationships. To this aim, an individual patient metaanalysis, collecting data from all clinical trials in RRMS evaluating similar drugs, would be better suited. The findings of the present analysis warrant confirmation by a meta-analysis of this kind. Furthermore, it must be noted that since the coefficients for the combined MRI/relapse score and the corresponding PTE have been estimated based on the same set of data, the PTE results maximized for this particular set of data. This is an additional point call- ing for a validation of these results on independent datasets. Finally, with the rapid evolution of MRI methods, it is likely that an analysis of more recent MRI datasets would generate less variability and tighter confidence limits.
This study provides evidence that MRI active lesions and clinical relapses, when used in combination, are a valid surrogate for disability progression over the typical duration of clinical trials in patients with RRMS treated with IFN or another drug with a similar mechanism of action. The relationship of short-term markers of disease activity with long-term accumulation of irreversible disability remains a crucial issue that must be addressed with longer follow-up studies.
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